The dispersive behaviour of acoustic waves in boreholes is of interest in the evaluation of reservoir rocks, particularly from the point of view of near wellbore stress distribution. It is also used as a quality control on dipole sonic calculations that estimate formation shear slowness from the low frequency asymptote of the flexural wave slowness. Multiple methods are available for dispersion analysis; the paper reviews the most commonly used, including the Prony and the spectral semblance methods, and proposes a new phase-based analysis technique that has the benefit of improved slowness resolution. The methods are applied to synthetic and real data sets, and results compared. The new method is show to have lower slowness uncertainty for any given frequency, and the upper and lower frequency limits for which dispersion can be calculated is also extended.
INTRODUCTION
Borehole acoustic measurement reveal a multitude of reservoir and wellbore properties. They are used to infer porosity, permeability, lithology, mineralogy pore pressure, invasion, anisotropy, fluid type, stress magnitude and direction, formation anisotropy evaluation, the presence and alignment of fractures and the quality of casing-cement bonds and many others [1] . Improvement in acoustic logging measurements and signal processing are enhancing our ability to determine some of these properties. Improving in the basic measurements, which consist of estimates of compressional (P) and shear (S) wave slownesses will increase accuracy. Variation in slowness are also becoming more fully characterised, leading to improved understanding of how formation properties change over distance and direction and help to characterise reservoirs. Knowledge of these slownesses and anisotropy can also be important for designing fracture simulations and enhanced oil-recovery operations. The assessment of slownesses versus frequency usually called dispersion analysis for specific borehole-related waves has become increasingly important. Although most wave modes excited in borehole environments are dispersive, only the flexural modes from a dipole source are considered here. Dispersion analysis have many applications in geophysical reservoir characterizations using a borehole acoustic logging data such as shear slowness and borehole-fluid slowness inversion [2] and radial profiling of formation shear velocities [3] . Usually; the acoustic logging tool measures the time it takes for a pulse of "sound" (i.e., and elastic wave) to travel from a transmitter to a receiver, which are both mounted on the tool. The transmitted pulse is very short and of high amplitude. This travels through the rock in various different forms while undergoing dispersion (spreading of the wave energy in time and space) and attenuation (loss of energy through absorption of energy by the formations). Different approaches have been used for dispersion analysis and have achieved some limited success. We can enumerate the following: the predictive processing method in frequency domain [4, 5] , which is based on Prony's parameter estimation model and requires the number of modes as an input; the computationally intensive Maximum-Likelihood-based methods [6] ; the phase minimization or coherency maximization techniques [7] ; the weighted spectral semblance (WSS) method [8] specific to mono mode at a given frequency; also a WSS derived method for improving resolution called amplitude and phase Estimation (APES) is used [9] . Challenges still remain in developing a new method that preserves processing accuracy with lower computational cost without knowing the number of modes a priori. In addition, there is a great need for improving resolution and signal-noise-ratio (SNR) for dispersion analysis compared to what all the above-mentioned methods provided so far.
In this paper, we introduce a phase-based dispersion analysis (PBDA) method, which is data-driven algorithm and do not exhibit any model-based assumption for slowness calculation. The method generates a very high resolution dispersion curve. We will subsequently process acoustic logging data with this method to demonstrate its applicability and advantages versus the existing methods.
Phase-based dispersion Analysis (PBDA)
The motivation to develop this high resolution technique is to study the dispersive behavior of flexural waves in anisotropic formations. It is known that flexural waves generated by a dipole source exhibit dispersion [10, 11] . They exist in both fast and slow formations, and their velocity in the low-frequency limit is the formation shear velocity. The dipole tool using orthogonal waves is able to measure shear velocity in slow formations and velocities and polarisations of split shear waves in an anisotropic formation. In anisotropic formations the flexural waves generally split into a fast and a slow wave whose polarisations are aligned with those of the fast and slow shear waves propagating parallel to the borehole [12] . The low frequency velocity limits of these waves are the fast and slow shear velocities, respectively. In order to estimate phase velocities of dispersive guided waves from array waveforms, a processing scheme is presented here to extract the dispersion curves from the waveforms. The PBDA approach proposed here is based on measuring the phase in each receiver then convert this phase to a time delay. As the distance between each two receivers is usually known, this will allow us to infer velocities and obviously slownesses. The technique is straightforward and it does not introduce spurious estimates, and it does not suffer from any problems associated with phase unwrapping.
To describe the technique, let assume a dipole source tool firing into a formation through a mud then an array of n receivers obtains a measurement of the wavefield. For the CXD Weatherford tool n =8 for crossed-dipole measurements and n = 8 for monopole measurements. Note that for each dipole receiver channel, we have four component A, B, C and D. We form usually the XX components by subtracting (A-C) and YY component (B-D), where A and C waveforms are in the XX direction and B, D waveforms are in the YY direction forming a 90 degree angle with the XX direction. To explain the approach, we just use the 8 waveform XX, for example. The YY waveforms will exhibit a similar process. The time domain waveform are digitally sampled with sampling frequency F s giving N samples for each channel. A Fourier transform is then applied to the n = 8 waveforms providing a magnitude and phase information.
Note that Fourier will give a frequency resolution defined by the ratio F s N . Hence, the sampling frequency and the length of the signal should be chosen carefully for a desirable resolution.
Let assume the XX waveform are x 1 (t), ..., x 8 (t) resulting from the A and C recorded waveforms from the evenly spaced 8 channels.
The corresponding Fourier transform is given by X 1 ( f ), ..., X 8 ( f ), where each X i ( f ) gives a magnitude A i ( f ) and phase offset φ i ( f ).
As was reported earlier, more interest is the phase change at each frequency, since this is a measure of time and knowing the receivers spacing, this should permit velocity to be determined. Note, as mentioned before, The frequency resolution is F s N , thus only frequencies which are integer multiples of this will be examined.
Let also assume that the receiver spacing is d. The waveforms will have a delay to propagate from a receiver to another, when dispersion exist the delay occurs also between frequencies. The phase difference between two receivers (Δφ) can be converted to time delay by the following relation
where Δφ is measured in degrees per transducer and f is the frequency under consideration. Since the spacing distance d is known for this phase change and time τ, we can compute the velocity (V ) in m/s and hence slowness (S =
where K = 304878 is a conversion factor from s/m to μ/ f t.
Using the phase offsets for all the multiple frequencies of 2 , all the Δφ between all successive pairs of receivers can be measured. Hence, as we have 8 channels, we will get 7 phase differences; plotting this 7 phase differences versus channels for each frequency will give a line and we deduce the velocity and slowness from the slope of this line as follow
This formula is more robust to noise as V is measured in least square sense when determining the slope of the seven Δφ measurements.
Application to acoustic logging field data
In this section, we apply the PBDA method to real field data. For the purpose of comparison, we will use also the WSS here. The data comes from a test well and gathered by a new generation compact cross-dipole sonic (CXD), which was recently added to Weatherford's exclusive compact fleet of logging tools. The Compact CXD tool is the industry's only 2 1/4-in. monopole/cross-dipole sonic tool that can be deployed with or without wireline to acquire compressional, shear-slowness and fast-shear azimuth. The tool combine monopole and cross-dipole sonic technology, provides acoustic data for a wide variety of geophysical, petrophysical and geomechanical applications. The data obtained by the CXD tool assists in improving reservoir characterization and ultimately maximizes well and reservoir productivity. The unique profile and length of Weatherford CXD tool facilitates flexible deployment-in wireline or memory mode-to mitigate the risk of bridging events and reduce nonproductive time. The CXD tool has a proprietary transmitter and receiver design that produces high-quality data for a broad range of environmental conditions. It has three high-powered transmitters-one monopole and two wideband, lowfrequency, dipole transmitters perpendicular to each other. The receiver section has an array of eight receiver stations evenly spaced by 0.2 meter. Each station consists of four gain-matched, piezoelectric hydrophones that are aligned with the dipole transmitters. Ninety-six, high-fidelity, wideband waveforms are recorded, ensuring excellent quality control. The CXD tool have a vertical resolution of 4.6 ft (1.4 m) and an accuracy of ± 2%. The figures 1a and 1b show the recorded signals and the corresponding spectrum, respectively. Not that figure 1a shows the XX waveforms which are the result of time difference of waveforms (A-C). The time difference is taken in order to cancel out the Stoneley waveforms in case they do exist. Each signal in figure 1a has 512 samples sampled at 50 kHz. The figures 2a and 2b represent the slowness through the XX direction calculated by our PBDA approach and the WSS proposed in [5, 7] . The WSS method is taken for comparison purpose due to its popularity in the field. The resolution using the PBDA technique is within ±5μs/ f t compared to ±30μs/ f t using the WSS method. Similarly to the above, the figures 3a and 3b represent the YY waveforms and its spectrums, respectively. The figures 4a and 4b show the two slownesses through the YY direction calculated by our PBDA approach and the WSS, respectively. 
